Pro-phenol oxidase [pro-PO; zymogen of phenol oxidase (monophenol, L-dopa:oxygen oxidoreductase, EC 1.14.18.1)] is present in the hemolymph plasma of the silkworm Bombyx mori. Pro-PO is a heterodimeric protein synthesized by hemocytes. A specific serine proteinase activates both subunits through a limited proteolysis. The amino acid sequences of both subunits were deduced from their respective cDNAs; amino acid sequence homology between the subunits was 51%. The deduced amino acid sequences revealed domains highly homologous to the copper-binding site sequences (copper-binding sites A and B) of arthropod hemocyanins. The overall sequence homology between silkworm pro-PO and arthropod hemocyanins ranged from 29 to 39%o. Phenol oxidases from prokaryotes, fungi, and vertebrates have sequences homologous to only the copper-binding site B of arthropod hemocyanins. Thus, silkworm pro-PO DNA described here appears distinctive and more closely related to arthropod hemocyanins. The pro-PO-activating serine proteinase was shown to hydrolyze peptide bonds at the carboxyl side of arginine in the sequence -Asn-49-Arg-50-Phe-51-Gly-52-of both subunits. Amino groups of N termini of both subunits were indicated to be N-acetylated. The cDNAs of both pro-PO subunits lacked signal peptide sequences. This result supports our contention that mature pro-PO accumulates in the cytoplasm of hemocytes and is released by cell rupture, as for arthropod hemocyanins.
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Phenol oxidase (PO; monophenol, L-dopa:oxygen oxidoreductase, EC 1.14.18.1; also trivially named polyphenol oxidase and tyrosinase) is a copper protein that catalyzes the oxygenation of monophenols to o-diphenols and the oxidation of odiphenols to the corresponding o-quinones (1) . The enzyme is present in animals and plants and functions as a key enzyme for melanin synthesis (1) . In insects the enzyme is present in hemolymph (2) and cuticle (ref. 2 ; M.A. and P. T. Brey, unpublished work) as inactive precursor (pro-phenol oxidase, pro-PO). Recently, insect pro-PO was indicated to contain two copper atoms per subunit (3, 4) . Pro-PO is activated through a limited proteolysis by a specific serine-type proteinase that is itself in a zymogen form and is regulated by a cascade (2) . Insect PO is implicated in defense reactions, such as wound healing and melanization during pathogen or parasite invasion (2) . POs from mammals, higher plants, fungi, and bacteria have been characterized, and their encoding genes have been cloned (5) (6) (7) (8) (9) . In 1991, Pentz and Wright (10) reported a cDNA corresponding to Drosophila PO; however, they could not demonstrate sequence homology to other POs and other copper-containing proteins.
Many primitive arthropods-e.g., horseshoe crabs, spiders, and crustaceans-rely on another hemolymph copper protein, hemocyanin, for oxygen transport (11) . To our knowledge, no insect has been shown to contain hemocyanin in its hemolymph. The insect has developed an intricate tracheal system to distribute atmospheric oxygen directly to tissues (12) . For this reason it is thought that hemocyanin was no longer necessary and subsequently disappeared from insect hemolymph. Proteins with certain degrees of homology to arthropod hemocyanin have been reported from insects, but they are not copper-containing proteins (13) .
We report here the molecular cloning of an insect pro-PO § and its sequence homology to the copper-binding sites [Cu(A) and Cu(B)] of arthropod hemocyanin, sequences highly homologous among arthropod hemocyanins (11) . These data suggest that insect pro-PO has evolved from a common ancestral arthropod copper protein and distinguish insect pro-PO from prokaryotic and other eukaryotic POs.
MATERIALS AND METHODS Experimental Animal. Larvae (fifth-instar, day 5 or 6) of the silkworm Bombyx mori were used for all experiments.
Pro-PO, Pro-PO-Activating Enzyme (PPAE), and Polyclonal Anti-Pro-PO/IgG. Pro-PO was purified from silkworm hemolymph (3) with minor modifications (4), and pro-PO activating enzyme (a serine-type proteinase) was purified from larval cuticles (14) . Polyclonal anti-silkworm pro-PO IgG was prepared as described (4, 15) .
Construction of cDNA Library. Hemocytes were obtained from silkworms (16) . Total RNA from the hemocytes was extracted as described (17) , and purification of poly(A)+ RNA on oligo(dT)-cellulose was done according to standard methods (18) . The cDNAs of the hemocyte poly(A)+ RNAs were synthesized by using a cDNA synthesis kit (Pharmacia Isolation of PO Polypeptides I and II. Pro-PO was activated as described in the preceding section. The column chromatography of the reaction mixture on an octadecyl column was done under the same elution scheme as described (4) cyanins (11) . Six histidine residues, which were found to be copper-binding ligands in spiny lobster hemocyanin, perfectly aligned to histidine residues found in regions I and II of pro-PO sequences.
N-Terminal Amino Acid Sequences of PO Polypeptides I and U. N-terminal amino acid sequences were analyzed by automated Edman degradation up to 10 residues from the N termini of the polypeptides. The results were FGSDAGRMIP-and FGD-DASEKIP-for PO polypeptides I and II, respectively. The sequences were identical with those found between residues 52 and 61 of pro-PO polypeptide sequences deduced from base sequences of cDNAs of pro-PO polypeptides I and II (Fig. 2) , indicating that PO polypeptides I and II originated from pro-PO polypeptides I and II, respectively. This result indicated that the PPAE hydrolyzes peptide bond between residues 51 (arginine) and 52 (phenylalanine) of the deduced sequences of pro-PO polypeptides I and II. The sequence motif around the peptide bond to be hydrolyzed was Asn-Arg-Phe-Gly.
N-Terminal Sequence Analyses of Propeptides I and II. Propeptides I and II were subjected to automated Edman degradation. Neither of the pro-peptides gave an N-terminal amino acid, indicating that a-amino groups of the N-terminal amino acids of the peptides are blocked. (24); EChcD, EChcE, and EChcA, E. californicum (tarantula) hemocyanin chains D, E, and A, respectively (11); LPhcII, L. polyphemus (horseshoe crab) hemocyanin subunit II (11); PIhcA,P. interruptus (spiny lobster) hemocyanin subunit A (25) .
Molecular Masses of the Propeptides Being Cleaved from
Pro-PO by PPAE. The molecular masses of propeptides I and II were studied by MALDI mass spectrometry. As the cysteine sulfhydryl group of one of the propeptides was S-pyridylethylated, theoretical molecular masses of propeptides I and II calculated from the sequence data presented in Fig. 2 (23, 27) . It is clear from Fig. 3 (22, 24, 26) . The histidine residues in regions I and II in Fig. 2 of the silkworm pro-PO polypeptides could be perfectly aligned to histidine residues that have been demonstrated to be copper ligands of arthropod hemocyanins (21) (Fig. 3) . As the silkworm pro-PO has been shown to contain two copper atoms per 80,000 Da (3, 4) , it is highly probable that the histidine residues are also the ligands for copper atoms of silkworm pro-PO. This finding is surprising because all POs so far sequenced have been shown to have a polypeptide segment homologous to Cu(B) sequence, but the sequence of the second copper-binding site is very different from the sequences of Cu(A)s of arthropod hemocyanins (23, 28) . It has been speculated that POs have evolved from two separate mono-copper proteins by gene fusion (23) . The same situation is inferred on the evolution of molluscan hemocyanin, which has a homologous copper-binding site to Cu(B), but another copper-binding site that is not homologous to the copper-binding-site sequences of arthropod hemocyanins (23) . A phylogenetic relationship among arthropod hemocyanin, molluscan hemocyanin, and POs has been proposed (23) in which molluscan hemocyanins are claimed to be more closely related to POs than to arthropod hemocyanins. A phylogenetic tree was constructed by the neighbor-joining method (29) based on the sequences of arthropod pro-POs, hemocyanins, and tyrosinases. As is seen in Fig. 4 , arthropod hemocyanins and arthropod pro-POs grouped in a family, whereas tyrosinases and molluscan hemocyanins are in another family. We suspect silkworm pro-PO has evolved from the same ancestral binuclear copper protein as arthropod hemocyanins.
In this study PPAE was shown to hydrolyze the peptide bond at the carboxyl side of arginine in the -Asn-Arg-Phe-Glysequence in pro-PO polypeptides I and II (Fig. 2) -Io
LGJ DII EFEMP-IMEMLEL silkworm proPO-P2 (this paper) tobacco hormworm proPO (26) silkworm proPO-Pl (this paper) fruit fly proPO (22) crayfish proPO (24) tarantula hc (subunit D) (11) spiny lobster hc (subunit C) (25) bacterial tyrosinase (9) molluscan hc (domain E) (30) fungal tyrosinase (8) tomato polyphenol oxidase (6) human tyrosinase (5) FIG. 4. Phylogenetic tree of hemocyanins, tyrosinases, and arthropod pro-POs. The phylogenetic tree is constructed by the neighborjoining method (29) . Amino acid sequences of proteins are from references indicated by numbers in parentheses. proPO-Pl and proPO-P2, pro-PO polypeptides I and II, respectively; hc, hemocyanin.
Another feature of amino acid sequences of pro-PO is the lack of a signal peptide to facilitate its secretion. Our previous studies indicated oenocytoid hemocytes as the major site of pro-PO synthesis (15, 16) . Ultrastructurally, oenocytoids are atypical in that they are composed almost exclusively of ribosomes and mitochondria, with no visible rough endoplasmic reticulum (15) . Accordingly, our result may suggest that pro-PO is released from oenocytoids by cell rupture. This contention again implies the close relation of silkworm pro-PO to arthropod hemocyanin because arthropod hemocyanin cDNA lacked signal peptide sequences and, hence, arthropod hemocyanin is claimed to be released from hemocytes by cell rupture (31) .
The high homology between silkworm pro-PO and arthropod hemocyanins raises the intriguing question whether pro-PO is capable of, and involved in, 02 transport in insect hemolymph and to tissue. We have no experimental data supporting this question. However, recent observations (M.A. and P. T. Brey, unpublished work) show the presence of pro-PO in the trachial cuticle, through which atmospheric 02 is supplied to tissues (12) . These observations warrant further investigation as to the role of pro-PO in the respiratory physiology of insects.
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